Abstract-In this paper, a 3-D thermomechanical model of through-silicon vias (TSVs) has been analyzed and verified with in situ microscale strain measurements by synchrotron X-ray microdiffraction. Thereafter, a comprehensive stress/strain analysis on copper pumping and back-end-of-line (BEOL) cracking issues has been carried out. In addition, a design-of-experimentsbased approach has been used to understand the effect of various parameters on copper pumping and BEOL stress. The results show that the smaller TSV diameter and thinner silicon die help reduce the copper pumping and thus mitigate BEOL stress.
. CTE mismatch-induced stress in the TSV structure.
highlight regions with larger impact from the CTE mismatch. Due to the high CTE mismatch and the constraint between copper TSVs and surrounding structures, copper pumping occurs at a high temperature and copper sinking occurs at a low temperature [4] . The copper pumping and sinking may induce large stresses and lead to various reliability issues such as cohesive cracking and interfacial separation in TSVs [5] [6] [7] . Copper pumping, which can occur in various conditions, may also affect the back-end-of-line (BEOL) structures. To investigate the mechanism of copper pumping and reduce the associated failure risk on TSVs and neighboring structures, numerical analysis [4] , [7] [8] [9] [10] [11] and various experimental techniques have been utilized, including scanning electron microscopy [12] [13] [14] , atomic force microscopy [10] , [11] , [14] , [15] , surface profilometry [9] , [10] , [13] , [15] , [16] , electron backscattered diffraction [7] , [8] , [10] , and synchrotron X-ray microdiffraction (mXRD) [17] [18] [19] . Compared with other experimental techniques, synchrotron mXRD, which can penetrate a several hundred micrometer thick silicon, is able to do in situ strain measurements without cross section and thus no change to the mechanical boundary conditions of TSVs. Thus, mXRD is more attractive for quantitative studies of the CTE mismatchinduced thermomechanical stress and resulting copper pumping.
In this paper, a numerical model is developed and verified by mXRD measured strain maps. The model is then applied to analyze copper pumping and its influence on the TSV reliability and BEOL dielectric layers. In addition, 2156-3950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. [17] , [22] a design-of-experiments (DOE)-based approach is applied to understand the effect of various geometrical and material parameters on copper pumping.
II. TSV STRESS CHARACTERIZATION
TSV in situ strain measurements using synchrotron mXRD were performed on Beamline 12.3.2 [20] at the Advanced Light Source, Lawrence Berkeley National Laboratory. The details about sample preparation, strain measurement, and data interpretation process can be found in [17] and [18] . Tables I and II has been built to simulate the aforementioned TSV fabrication and mXRD measurement conditions. To capture the process-induced stresses of the TSV samples, the thermal profiles of a standard TSV fabrication process are sequentially applied to the models. The thermal profiles are discussed in detail in [21] . In this model, all the materials are sequentially activated at their process stress-free temperature through the ANSYS element birth-and-death approach. The SiO 2 liner material is first activated stress-free at 1000°C, which is the temperature of the thermal oxidation of silicon. Subsequently, the copper core is activated as stress-free at room temperature. Thereafter, the deviatoric strain components at 150°C along the beam penetration direction are extracted and interpolated based on the previously proposed beam intensity-based averaging method [17] , [18] to obtain strain map on the scanning plane as shown in Fig. 3 . Compared with the measured strain map in Fig. 2, Fig. 3 shows that the model predicts the strain distribution well. Although there are some scattered highly strained points in the measured strain maps, which cannot be captured by the model as discussed in [18] , these discrepancies do not affect the overall strain distribution.
IV. TSV COPPER PUMPING STUDY
To study the effect of copper pumping on TSV and BEOL reliability, a 2-μm-thick SiO 2 layer is added on the TSV top surface. Thereafter, the TSV temperature is ramped to solder reflow temperature at 250°C. As shown in Fig. 4 , copper tends to expand more than the surrounding silicon since the CTE of copper is about five times that of silicon. This higher CTE of copper results in copper pumping out of the TSV. As illustrated in Fig. 5 , copper pumping leads to compressive axial stresses near the center of the copper via and tensile stress in the surrounding silicon. As shown in Fig. 6 , the axial pumping force applied on the upper BEOL dielectric layer can also induce very high stress in the BEOL layer, which may eventually crack. In addition, this CTE mismatch can result in very high shear stress in the dielectric liner layer and upper BEOL layer near the via top edge (Fig. 7) , which may cause interfacial cracking in these dielectric layers. Due to copper pumping at reflow temperatures, the reliability concerns include cohesive cracking of liner layer, interfacial cracking of Cu/SiO 2 interface, and top layer delamination. The plot of equivalent plastic strain (Fig. 8) indicates that Cu yielding is limited and occurs only near the via top corners. 
V. EFFECT OF TSV GEOMETRY AND LINER MATERIAL PARAMETERS
To understand the effect of various parameters such as TSV pitch, height, diameter, liner thickness, liner CTE, and liner modulus, a DOE-based approach is implemented. As listed in Table III , for each parameter, four or five levels of values have been chosen. As discussed in the previous sections, copper pumping and resulting dielectric cracking are the concern of the TSV structure at high temperatures. Therefore, copper pumping and dielectric first principal stress are used as index to compare different TSV designs in the DOE study. Here, the copper pumping amount is defined as the relative height (Fig. 4) of the extruded dielectric layer. The first principal stress of the BEOL layer is the volume-averaged value of a ring of BEOL elements above the via peripheral edge. Using the JMP software, 20 designs (Table IV) are generated from design factors and levels in Table III. As shown in Table IV , copper pumping values and BEOL first principal stress have been read out from the numerical models and input into JMP for parametric analysis. Fig. 9 shows the effect test based on the response of the first principal stress in the BEOL dielectric layer. The dominating factors affecting the dielectric stress are liner material Young's modulus, liner thickness, TSV height, and TSV diameter. On the other hand, as Fig. 10 shows, if the response of the copper pumping is considered, the dominating factors change to TSV diameter, TSV height, liner material Young's modulus, liner CTE, and TSV pitch. Comparison of the two kinds of responses in Figs. 9 and 10 indicates that copper pumping is dominated by TSV geometrical parameters. However, BEOL dielectric stress has more likely been affected by the properties of the neighboring structure of the copper protrusion region.
As illustrated in Fig. 11 , the factor profiling results indicate that reducing the TSV diameter and TSV height (silicon thickness) generally decreases copper pumping and BEOL stress. This is good news for the current trend of microelectronics miniaturization with more I/O and thinner silicon dies.
VI. CONCLUSION
In situ microscale strain measurements by synchrotron mXRD, which does not change the TSV mechanical boundary condition, are ideal for TSV copper pumping study and TSV model calibration. Comprehensive thermomechanical numerical analysis indicates that copper pumping occurs at higher temperature. It can result in high stresses in the TSV and upper BEOL layer, especially near the via top edges. These high stresses can induce liner dielectric cracking, BEOL cracking, and interfacial separation. Further DOE parametric study shows that reducing the TSV size and height is very effective to reduce copper pumping and mitigate stress in the BEOL dielectric layer.
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